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ABSTRACT

" /754(

-

The author's previous model for \the variation of meteoroid impact
flux with respect to distance from the earth in cislunar space is simpli-
fied and corrected for the increase in the inferred mass of a meteoroid
due to the new pressure values in the U, S.,Standard Atmosphere, 1962,

A new model for the corresponding puncture flux is developed as a func-
tion of material parameters and thickness by iﬁterpreting Explorer XVI
puncture data in relation to the revised model for impact flux and to
extrapolated results from the Martin Company's multivariate analysis of
laboratory hypervelocity impact data,

During one year after a Pegasus satellite has been deployed in an
orbit with perigee and apogee heights of 505 and 740 kilometers, the
number of punctures in the 16 sheets of the 0.0015-inch sensor, the 34
sheets of the 0,008-inch sensor, and the 366 sheets of the 0,0l6-inch
sensor are predicted to be approximately 5430, 41, and 38, respectively,
when the extra material in the bonded capacitors is considered. The
estimated masses of the meteoroids which can just puncture these sensors
when they have the mean values of density (0.44 gram per cubic centi-
meter), velocity (26.7 kilometers per second), and impact angle (n/&

radian) are 10-7.8% 10-5-85 and 10~%-°% gram.
A
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Symbol

Bo

B

DEFINITION OF SYMBOLS
Definition
mean total number of impacts of meteoroids, with mass
equal to or greater than m grams, per second per square
meter of total area of a spherical vehicle or of a ran-
domly oriented vehicle
meteoroid mass in grams

distance from the surface of the earth in kilometers

slope of the line relating log F, with log m at fixed
distance h

intercept of the line relating log Fg with log m at fixed
distance h

meteoroid material density in grams per cubic centimeter

meteor height in kilometers above sea level at the point
of appearance

meteor height in kilometers above sea level at the point
of disappearance

zenith angle to meteor radiant in radians
meteoroid velocity before deceleration in the atmosphere
meteor absolute photographic magnitude

weighting function to reduce bias in photographic meteor
data

meteor height above sea level at the point of maximum
brilliance.

6pik's probability that a meteoroid in a given orbit will
encounter the carth during one revolution of the particle

reciprocal of the apparent fraction of the circle of
celestial latitude through the meteor radiant

perigee height in kilometers above sea level

iv



DEFINITION OF SYMBOLS

Szgpol Definition

ha apogee height in kilometers above sea level

is’ Bo mean values of FS and B, around an orbit

KXo angle of impact in radians with respect to the normal
Pe target material density in grams per cubic centimeter
Ht target hardness in Brinell units

p thickness of the punctured wall in centimeters

Pm puncture probability for a meteoroid of mass m

[ puncture flux; number per square meter per second

1y, Yo puncture flux expected through l-mil and 2-mil targets,

respectively, on Explorer XVI

ﬁl, 52 mass of meteoroids which, at mean density, mean velocity,
and mean impact angle, would just puncture the l-mil and
2-mil targets, respectively, on Explorer XVI

P, crater depth in thick targets, centimeters

d projectile diameter in centimeters

t Target subscript

Ce bulk velocity of sound in kilometers per second

Q heat to melt in calories per gram

E 107° x Young's modulus, kilograms per square centimeter

€ ductility, percent elongation in 2-inch gauge length at
fracture

Y yield strength at 0.2 percent offset, kilograms per square
centimeter

Vv Poisson's ratio



TECHNICAL MEMORANDUM X-53187

CISLUNAR METEOROID IMPACT AND PUNCTURE MODELS WITH
PREDICTED PEGASUS SATELLITE PUNCTURES

SUMMARY

In cislunar space at a distance of h kilometers from the surface of
the earth, where 2 = log h £ 6, the mean meteoroids Fg with mass equal
to or greater than m grams, where -10 £ log m = O, impacting per second
per square meter of total area of a randomly oriented orbiting vehicle
should be considered to be an exponential function of m,

F, = 10-14.92 mBg’

where the exponent Ry is a function of h:

Bo = -1 - 0.34e%-2¢(og h - 2)

+ 0.24(log h - 2),
Correspondingly, the puncture flux ¢ through a homogeneous metallic wall
of thickness p centimeters should be considered to be an exponential
function of the nominally puncturing mass m with the same exponent B-

g - 10-14.32ﬁ62,

where the nominally puncturing mass m is a function of the material
parameters of the metallic wall:

m= 101©.985 (PCE'SO Et.al Vi.o 43)8

_0O.
Ct 2
where Cy is the bulk velocity of sound (kilometers per second), E. is 10-°
times Young's modulus (kilograms per square centimeter), ¢y is the ductility
(percent elongation in 2-inch gauge length at fracture), and vyis Poisson's
ratio.

During one year after a Pegasus satellite has been deployed in an
orbit with perigee and apogee heights of 505 and 740 kilometers,* the
number of punctures in the 16 sheets of the 0.0015-inch sensor, the 34
sheets of the 0,008-inch sensor, ‘and the 366 sheets of the 0,016-inch
sensor are predicted to be approximately 5430, 41, and 38, respectively,®
when the extra material in the bonded capacitors is considered. The
estimated masses of the meteoroids which can just puncture these sensors
when they have the mean values of density (0.44 gram per cubic centi-
meter), velocity (26.7 kilometers per second), and impact angle (u/4
radian) are 10-7.8% 10-5.85 and 10-%.°% gram,

*See footnotes on page 19,



I. INTRODUCTION

During the first half of 1964 Dalton [1l] constructed a model which
gave meteoroid impact and puncture f£lux as functions of the distance
from the earth in cislunar space., The impact model was made to agree
with Whipple's [2] near the earth, and the dependence on distance from
the earth was given in consideration of arguments by Whipple [3],
Hawkins [4], Briggs [5], and McCracken and Dubin [6]. Some changes in
the impact flux involving both mass and velocity are introduced, but the
main change from Reference 1 is that Dalton's [7] puncture model is
revised in consideration of Hasting's [8, 9] data for Explorer XVI and
the multivariate analysis of laboratory hypervelocity data by Reismann,
Donahue, and Burkitt [10].

The earth shielding factor is included in the model; but no considera-
tion is given to shielding by the moon, or to any secondary flux which
may be encountered near the moon or on the lunar surface due to high
velocity ejecta possibly initiated by the impact of meteoroids. The
model is intended for present design considerations throughout ten orders
of magnitude below meteoroid unit mass in grams and from one hundred to
one million kilometers from the earth, All logarithms are for base ten,
Errors representing uncertainty are roughly normally distributed, and the
indicated probable errors represent a revision of the author's [1, 7]
previous estimates due to a revised treatment with respect to density in
Section V.

II, FLUX ADJUSTIMENT FOR NEW STANDARD ATMOSPHERE

6pik [11] showed that meteor luminous efficiency is inversely pro-
portional to the cube of the atmospheric pressure at the point of
disappearance of the meteor, Dalton's [1] model presupposed Whipple's
[2] model, which was based on the ARDC Model Atmosphere 1959 [12], Three
times the logarithm of the ratio of the means of the 85-90 kilometer pres-
sure from the U, S. Standard Atmosphere 1962 [13] and the ARDC Model
Atmosphere 1959 [12] gives a mass increment of 0,20 orders of magnitude.
This corresponds to a flux increment of (1.34)(0.20) = 0,27 order of
magnitude.

III, FLUX ADJUSTMENT FOR MEAN SHOWER ACTIVITY

Whipple's [2] model was obtained by re-estimating the mass of the
zero-visual-magnitude meteor in the model by Hawkins and Upton [14] for
the flux of photographic meteors not belonging to the major streams (showers).
Photographic data with similar limiting sensitivity were published by
Hawkins and Southworth [15] who tabulated 74 shower and 286 sporadic meteors.
In referring to this work of Hawkins and Southworth [15], Whipple and




Hawkins [16] indicated that 83 percent of such meteors do not belong to
major streams., Therefore, a model for the mean total flux would seem

to be obtained by increasing the mean flux for sporadic meteors by 0,08
order of magnitude; i,e., -log 0.83 = 0,08,

IV, MEAN TOTAL IMPACT FLUX
By combining the increments indicated in Sections II and III, the

impact flux in Dalton's [1] model is increased by 0,35 order of magni-
tude throughout cislunar space; i.e.,

log Fg = B2 log m + B (1)
Bs = - [1 +0.36 2 %°U08 0 =2) 6 5166 b - zi )
Bs = - 14,2 + 0,60, (3)

where Fs is the mean total number of impacts of meteoroids with mass
equal to or greater than m grams per second per square meter of total
area of a spherical vehicle or of a randomly oriented vehicle, and h is
the distance from the surface of the earth in kilometers, The following
approximation was made for a term in equation (3):

-0.028(log h-2) ¥ -0,07 for 2 = logh =

IA
()}

where the exact value of the term varies between 0 at log h =2 and -0,10
at log h =5,59 (lunar distance). The maximum error (near the earth) due
to this approximation is small in comparison with the uncertainty in
equation (3).

V. MATERIAL DENSITY OF METEOROIDS

At the moon's distance from the earth, where the value of log h is
5.59, the slope B, in equations (1) and (2) has a unit negative value,
and both Bs and Bx have the same values when the same units are used
in Hawkins' [4] formula for the flux of large stone meteorites onto the
earth., The presence of some stone meteoroids with mass less than one
gram would not be too controversial,



Briggs [5] found that zodiacal-light observations are consistent
with the theoretical apparent brightness due to scattered light from the
steady-state system of particles in the solar system under the action of
the Poynting-Robertson effect when it was assumed (1) that the concentra-
tion of particles with radii equal to or greater than 50 microns is
inversely proportional to mass m at a distance of one astronomical unit
from the sun (although not necessarily near the earth), and (2) that the
material density is 0.1 for the larger particles (-7.3 < log m). The
presence of a mixed population of particles, about 90 percent with density
0.1 and about 10 percent with the density of stone - Opik [17] gives the
density of meteoritic stone as 3.4 - would therefore not be surprising.
The density 0,44 in Whipple's [2] model is approximately the mean density
for such a mixed population of stones and dustballs, presumably derived
from asteroids and comets, respectively. But the likelihood for such a
mixed population has been discounted considerably in studies of photo-
graphic meteor data (for which approximately: -2 £ log m £ 1) by Whipple
and Hawkins [16], and by Jacchia and Whipple [18].

In Briggs' [5] model for small particles, discussed above, density
p, increases from 0.1 through 0.44 as log m decreases from -7.3 through
-9,5. Any tendency for small dustballs to approach the density of
smaller constituent dust grains would not be surprising.

Evidently, the density is not very well known, but for present pur-
poses the assumption of an effectively homogeneous population of particles,
half of which have densities which do not differ by more than a factor
between 1/2 and 2 from the mean density, and mean density equal to that in
Whipple's [2] model to within a factor 2 probable error, seems to be a
reasonable expedient; i.e.,

lo = log b * 0,30
g Dp g Dp 1

s (4)
log Bp = -0,35 + 0,30 = log 0.44 = 0,30/

Only the uncertainty in the mean density appears to affect the uncertainty

in the mean flux, and the author's [1, 7] previous estimates of uncertainty
must be revised here,




VI, METEOROID IMPACT VELOCITY

Dalton's [7] results show that meteoroids impact against an orbit-
ing vehicle with very nearly the same mean impact speed as they have
with respect to the atmosphere., For the present purpose, it seems
appropriate to assume that the orbital velocity of the vehicle does
not appreciably enhance either the flux or the closing velocity,

Because meteoroid mass ranges through ten orders of magnitude in
the present flux model, any statistical relation between mass and velocity
is of considerable interest, Velocity information is available only for
photographic and radio meteors, both of which involve selection effects
which lead to biased samples, Photographic data are more accurate, but
the recently published data (Hawkins and Southworth [15 and 19]) contain
values for the masses of meteoroids computed on Hawkins' [20] conventional
model of the single-body meteor, More recent opinion discounting that
any appreciable percentage of such substantial bodies are represented
in photographic data was discussed in Section V.

In an analysis not yet published, the author derived the following
formula for the mass of dustballs, based on UOpik's [11, 17] physical
theory, on Whipple's [2] estimate of the mass of the meteoroid which
produces a zero-visual-magnitude meteor at a velocity of 30 kilometers
per second (based on the ARDC Model Atmosphere, 1959 [12]), and on an
adjustment due to the U, S. Standard Atmosphere, 1962 [13]:

logm = 1,40 + log (hB - he) - log cos Z - 2 log v + 0.23 sin 5(log v - 1,55)
- (0.15 + 0.14 log v) Mp + 0.30, (5)

where hp is the meteor height in kilometers above sea level at the point
of appearance, h, is the meteor height in kilometers above sea level at
the point of disappearance, Z is the angle to the meteor radiant, v is
the meteoroid velocity before deceleration in the atmosphere, and Mp is
the meteor absolute photographic magnitude. Values for log m were
obtained by equation (5) for each of the 285 meteors common to the two
tables of data for random samples of sporadic meteors published by
Hawkins and Southworth [15, 19]. The range for log m was

-2.2 2 logm = 1.0

with a mean for log m of -1,0., A multivariate statistical analysis was
made for relating log m to log v, the absolute value of the celestial



latitude of the corrected radiant, the absolute value of the elongation
of the true radiant from the apex of the earth's way and the heliocentric
eccentricity of the orbit of the meteoroid. The following weighting

function f was applied, hopefully to reduce the bias due to selection
effects:

£ ~ho2 yea/2 pm1 §_ Ue22° (6)
m

where hy is the meteor height above sea level at the point of maximum
brilliance, P is Opik's (see Whipple [21]) probability that a meteoroid
in a given orbit will encounter the earth during one revolution of the
particle, fy is the reciprocal of the apparent fraction of the circle

of celestial latitude through the meteor radiant, and e is the base of
natural logarithms. Weighting the data had the following result relative
to the corresponding analysis with uniform weight:

(1) The multiple correlation coefficient was increased from
0.161 to 0,319,

(2) The partial correlation coefficient with respect to log m
and log v was increased from 0,033 to 0,101, The mean
value of log v was decreased from log 29.3 to log 26,7,

Because the mass varies through only three orders of magnitude in the
sample, and because the partial correlation coefficient with respect to
log m and log v is small and likely not significant, it does not seem
practical to try to establish a different mean velocity for meteoroids
with smaller mass, However, it does appear likely that the lower

weighted mean velocity may be a more nearly representative value for the
model; i.e.,

log v = log 26,7 % 0.12, (7)

VII, MEAN FLUX FOR AN ORBITING VEHICLE

When the exposure circumstances (vulnerable area, etec.) for a
vehicle in orbit do not vary during the orbital period, the expected
number of impacts in an orbital period is the product of the orbital
period, the area, and the orbital mean of the flux ﬁs' Then by equa-
tion (1),




log Fs = ég log m + B, (8)

where B2 is the orbital mean of B, in equation (2) and is approximated
closely enough by the mean of the values of By at perigee height h and
at apogee height h, - for orbits with low eccentricity - i.e.

w
N
|

;
Bo = - {} + 0,17 (e0‘26(10g hp-2) | o0.26(log ha-Z)J - 0.12 (log hyh, - 4)f

(9)

1

- 11+ 0,1011 (hg‘11292 + hJt1129%) - 0.12 (log hpha - 4)J_ (10)

—

Hastings [8] gives the measured values of perigee height h, and
apogee height h, for the Explorer XVI micrometeoroid satellite as 750
and 1180 kilometers, respectively, Then, by equation (10),

Bo = - 1,205, (11)

VIII, EXPECTED PUNCTURE FLUX

In Dalton's [7] model for the puncture of a homogeneous metallic
wall by hypervelocity impact of a spherical projectile, the relation
between the minimum sufficient mass m of the projectile, its velocity v,
and angle of impact X, can be expressed as

logm= - 1,9 + log (p° Pe ) - (3/2) (log v + log cos x2) - log Op>

(12)

where p_ is the projectile density and where Pe» He, and p are the
density, hardness in Brinell units, and thickness in centimeters,
respectively, for the punctured wall, TFor meteoroid impact onto a
randomly oriented surface, the impact angle X, has sin 2X» probability
density. Then log m in equation (12) is a linear function of the three
statistically independent random variables: log v, log p_, and log cos xo.



The mean of such a linear function is the function of the means; i.e.,

log m = ~1,9 + log (p° or Ht) - (3/2)(log v + log cos ig) - log Bn.
r
(13)
In Sections V and VI, reasons were discussed for considering log v and

log p. as essentially normally distributed. The weighted means and
standard deviations according to equations (4) and (7) are

log bp = log 0.44 = -0.35 (14)
96 = 0,30/0,6745 = 0,44 (15)
log v = log 26,7 = 1,43 (16)
Olog v 0.12/0,.6745 = 0,18, (17)

By integration, Dalton [7] showed that, for the other variable,
log cos Xn = = 0,22 (18)

olog cos X, = 0.047. (19)

The variance of a linear function of several statistically independent
random variables is a linear function of the variances of the independent
variables, the coefficients being the squares of the respective partial
derivatives; i.e,,

2 = 2 2 2 2 2 = 2
Tog m = /2% 0500 o+ GIDZ 07 o5 x0T g o = 0327

(20)




Since a linear function of normal variables is also normal, and since
the non-normal variable (log cos x;) contributes less than two percent
of the variance in equation (20), it follows that the logarithm of the
minimum sufficient mass m in equation (12) is very nearly normally

distributed. By equations (14), (16), and (18), the mean for this
random variable is

log m = -3.36 + log (p°® p_ H)). (21)

By taking the differential of the antilogarithm of equation (1), the

number of meteoroids -dFs impacting per square meter per second with masses
between m and m + dm is

- dF_ = - 1072 5, n"2"* an, (22)

Then the number of punctures  per square meter per second is

o

g - f 107 g, 2 afe an, (23)

=00

where P is the probability that the mass m of a meteoroid is sufficient
for puncture (i,e,, P, is the cumulative distribution of the normally
distributed variable log m as defined by equations (12), (20), and (21)),.
The tangent line at the point Py = 1/2 for the curve relating P, and log m
is a very close approximation to the curve in the interval 0,25 = P_ £ 0,75,
and its extension throughout the interval O = P = 1 is close enough for

the present purpose; i.e.,

=]
1

log
P =20 for m < 10

+

=1}

log.
form > 10

Vox
2

o
log m

[
—

(24)

1 . '
+ 5 otherwise

(zﬂ)_l/g {log m - log m
Ulog m



Expected puncture fluxes JJ, and ¢, for the one-mil and two-mil
respective thickness of beryllium copper on Explorer XVI will be deter-
mined., Hastings [8] showed that the one-mil and two-mil targets had
mean thickness in excess of nominal thickness by 15 and 7.5 percent,
respectively, and that the beryllium copper should be equivalent to
targets of twice those thicknesses of 2024-T3 aluminum, Reismann,
Donahue, and Burkitt [10] give the following values for the density p
and hardness Hy of 2024-T3 aluminum: 2.77 and 120, respectively. Then,
by equations (20-21), (23-24), (3) and (11) the puncturing mass and flux
for those two targets should have been

log My = -7,539 (25)
log @, = -4.562 (26)
log mo = -6,727 (27)
log ¥o = =5.528, (28)

The values for the puncture flux in equations (26) and (28) are 0,577
order of magnitude higher than the values of the impact flux by equa-
tions (8), (11), and (3) corresponding to the values for mass in equa-
tions (25) and (27), respectively. It should be expected that the 0,577
order of magnitude increment in the puncture flux (relative to the
values which would be inferred from mean velocity, mean density, and
mean impact angle) would have been slightly higher if P had not been
linearly approximated by equation (24) - say, 0.60, Hastings [9] gave
the time-area product as 10798932 gquare meter seconds (1431 square
foot days) after 44 punctures in the one-mil sensor and as 106.7383
square meter seconds (682 square foot days) after 11 punctures in the
two-mil sensor, With the puncture rates from equations (26) and (28),
the predicted number of punctures would have been 315 and 16, respectively,

Hawkins and Upton [14] established the cumulative flux of meteors with
respect to absolute photographic magnitude, If the mean velocity is
assumed for all meteoroids, then a cumulative flux with respect to mass
can be derived which is 0.65 order of magnitude lower than the one which
Hawkins and Upton [14] gave and which is basic to the present model. 1In
an analysis not yet completed, the author is investigating this effect
with Hawkins' and Southworth's [15] random sample of 285 sporadic meteors.

10




IX, PREFERRED MODELS FOR IMPACT AND PUNCTURE FLUX

The relation between the predicted number of punctures (315 and 16)%*
and the counted number (44 and 11) for the one-mil and two-mil sensors,
respectively, over the same interval of the Explorer XVI flight, repre-
sents an agreement as close as one should expect by extrapolation from
then existing observatory and laboratory data, But it should be expected
that Explorer XVI results can be used to rsvise the puncture flux model
for more accurate prediction of the puncture flux in cislunar space
through walls of different material, thickness, and location, Because
the number of punctures (44 and 11) is statistically a small sample in
cons ideration of the extreme diversity of the population of incident
meteoroids, and because the thicknesses of the two sensors differed only
by a factor two, it seems appropriate to consider that the difference
between the ratio of the predicted punctures (315:16) and the ratio of
counted punctures (44:11) may be spurious. This provision is retained
by reducing the impact and puncture flux in this new model by the
weighted factor 107B4, where

44 log (315/44) + 11 log (16/11
o, = 2itos OLO/WA) & L log (U6/LD) g g5, (29)

This adjustment is equivalent to substituting 60 and 3 for the counted
punctures 44 and 11, respectively, Also, by the results of the examples
in Section VIII, when log m in equation (1) is replaced by log m and an
increment By is added to the right, then log Fg can be replaced by log ¢,
where

Bs = 0.60, (30)
Then, by equations (1), (3), (29), and (30), the incident flux Fg and
puncture flux 7 can be found from
log Fg = B, log m - 14,92 (31)
log ¥ = B log i - 14,32, (32)
where B- is given by equation (2) as a function of the distance h from

the surface of the earth, But instead of substituting Dalton's [7]
formula for log m in equation (21) into equation (32), it seems more

*Based on Pre-Explorer XVI results,

11



reasonable to derive a formula for log m from the results of the multi-
variate statistical analysis of Reismann, Donahue, and Burkitt [10],
and the result in equation (25) of applying equation (21) to the
Explorer XVI conditions:

(=, log p, log @) = (1.205, -2,233, -7.539), (33)

where p is the thickness of 2024-T3 aluminum in centimeters.

Dr, O. K. Hudson, MSFC representative in the NASA Meteoroid Tech-
nology Advisory Working Group, recognized the pertinence of the effort
by Reismann, Donahue, and Burkitt [10] and suggested Dr. Ezra's
(Research Laboratories, Aerospace Division, Martin-Marietta Corporation)
presentation of their preliminary results [10] at the Seventh Meeting of the
NASA Meteoroid Technology Advisory Working Group, June 17-18, 1964, That
effort involved a statistical analysis of available data from various
sources for laboratory experiments with projectiles of various metallic
materials impacting at various velocities at normal incidence into thick
targets of various metallic materials. By maximizing the index of cor-
relation of the hyperspatial regression surface with the experimental
data, the best linear relation was sought between the logarithms of the
crater~depth-versus-projectile-diameter ratio, of 9 physical and mechan-
ical parameters of the target material, of the ratios of 13 corresponding
projectile and target parameters, and of the ratio of the closing velocity
to the bulk velocity of sound in the target material, Actually, the solu-
tion divided into three velocity regimes with linear segments having
slopes of 1,206, 0,736, and 0.500 in the order of increasing velocity.
Of the 22 independent variables which were investigated, seven were found
sufficient to maximize the index of correlation. The results, with
rounded off decimals, are as follows:

p/d = 7.0[(v/Ct)/(Q/Qp) 1 +BF (E/EL)1+23C €P*®1  low velocity (34)

5.4(V/Ct>0.74 (Q/Qt)"O.BS (E/Et)0.84 (e/et)-O.lS (Yt/Et)-O.lO

intermediate velocity (35)

2.5/ €)% °° (B/E NPT (W/v B0 (elep)? ™ (36)

high velocity

12




where

Py = crater depth

d = projectile diameter

v = closing velocity in kilometers per second
t = target subscript

Ct = bulk velocity of sound in kilometers per second

Q = Heat to melt in calories per gram

E = 10"° x Young's modulus, kilograms per square centimeter

€ = ductility, percent elongation in 2-inch gauge length at fracture

Y = yield strength at 0,2 percent offset, kilograms per square
centimeter

v = Poisson's ratio.

The points of separation of the velocity regimes depend not only on the
velocity, but also on the other parameters in equations (34-36) in a
rather complicated manner which is described in Reference 10, Figures 1
and 2 compare these results with those for lines: (1) with slope 2/3 by
Hermann and Jones [22] based on a survey and analysis of data and theory,
and (2) with slope 1/2 previously suggested by Dalton [7] based on
engineering judgment and a brief consideration of data and theory. Some
of the data from Reference 10 extend up to about 8 kilometers per second,
which velocity corresponds to the middle in Figures 1 and 2, and inciden-
tally is the circular orbital velocity near the earth; but most of the
data were at considerably lower velocities. The division of data into
three velocity regimes is said [10] to have resulted in samples of from 100
to 170 data points in each regime. The multiple correlation coefficient
with equations (34-36) was reported [10] to be 0.959, 0.982, and 0.989,
As an alternative to equation (36), a more complicated formula involving
a numerically small power of Y{/Ey increased the multiple correlation
coefficient by 0,001, but equation (36) would seem to be appropriate,.

Equation (36) cannot be used directly to establish a formula for
log M in equation (32) because Young's modulus E, Poisson's ratio v,
and ductility ¢ in equation (36) are hypothetical for dustball meteoroids,
But it seems appropriate to consider the function of the projectile param-
eters in equation (36) as some undetermined constant. The diameter
d of a spherical meteoroid is related to the mass m and density Pp by

d = (6m/npp)l/3. (37)
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Also thick-target crater depth P, is thought (see Dalton [7]) to be pro-
portional to the thickness p of a just-puncturable wall, Therefore,
equation (36) can be replaced by

log fi = k + 3 log(pCyr=° Ey®t v © e§'43), (38)

where k is a constant. With the values for the material parameters in
equation (38) tabulated in Reference 10, equation (33) can be supplemented
for aluminum 2024-T3 as follows:

(log p, log @, C ,E_, v et) = (-2,233, -7,539, 6.25,

t’ ’ ’
£ Yt (39)

0.745, 0,33, 0,18).

Then, by equations (38) and (39), the constant k in equation (38) can be
evaluated, and equation (38) becomes

log fi = 10.985 + 3 log(pCQ ®° E3*°* vﬁ'o e§°45). (40)

X, PUNCTURE PREDICTION FOR THE PEGASUS EXPERIMENT

The Pegasus payload,described in References 23 and 24, is to be unfolded
into a large randomly oriented winged orbiting structure instrumented to
count meteoroid punctures. The Saturn SA-9 vehicle will be flown early
in 1965 to insert a Pegasus payload into an orbit with perigee and apogee
heights of 505 and 740 kilometers, respectively,® By equation (10), the
value of B, in equations (31) and (32) is -1.229,

The unfolded Pegasus structure supports 416 flat metal sheets backed
with puncture-sensing capacitors, each with a hemispherically exposed
arca of 0,516 square meter (20 by 40-inch rectangles). The 416 sensors
are of three types, which will be called thin, thick, and thicker, and
there are 16, 34, and 366 of each, respectively. The thin sheet is of
soft aluminum (1100-H14) nominally 0,0015-inch, The other sheets are
of hard aluminum (2024-T3) nominally 0,008 and 0.016-inch, The exposed
surface of each sheet is coated with a layer of from 0,4 to 0.5 gram
per square foot of MIL-3.** A 0,0005-inch trilaminate of mylar is attached
to the back of each sheet with a 0,00018-inch layer of adhesive. The
specific gravity of the mylar is 1,395, The density of the proprietary
adhesive (G. T. Schjeldahl Co., Northfield, Minn.) has not been indicated;

*See footnote on page 19.

#*%Thermal Control Coating.
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but a general rule for adhesives which is sufficiently accurate for this
purpose is that the weight in pounds per square foot is about ten times
the thickness in inches, and this would indicate a specific gravity of
about 1,9, The thin sheet is bonded to the trilaminate of mylar by
rolling, which is expected to dissipate most of the adhesive between
the aluminum sheet and the trilaminate; but the other sheets are not
rolled in applying the trilaminate, After the sheet has been bonded
onto one side of the trilaminate, adhesive is applied to the other side
as a base for the vacuum deposited 0,000025-inch copper plate of the
capacitor, Apparently, the added materials which must be punctured
weigh as much as a 0,0004-inch or 0,0005-inch foil of aluminum, even
when the adhesive between the trilaminate and the copper is ignored,
and the increased weight for the thin sensor is thought to be somewhat
less than that for the other sensors.

The description of the Pegasus sensors which was given above,
and which is illustrated in Figure 3, is somewhat different from that
given in References 23 and 24. No adequate documentation has been found
for this description, and the present description is not as definitive
as it should be for the present purpose., It is based partly on informa-
tion obtained in conversation with personnel from Pegasus Project Office,
Propulsion and Vehicle Engineering Laboratory, Research Project Laboratory,
Astrionics Laboratory, Fairchild Hiller Company (prime contractor), and
G. T. Schjeldahl Company (subcontractor), Not only the adhesive but
also the bonding process is said to be proprietary., Also no information
was found for the actual thicknesses of the aluminum sheets in contra-
distinction to nominal thicknesses,

In this analysis it will be assumed that all three of these com-
posite structures have the same puncture resistance as homogeneous sheets
of 0,0004-inch increased thickness of the same aluminum materials would
have,® Then the values for M in equation (32), the masses of the nominally
puncturing meteoroids, are found by substituting into equation (40) the

values of the material parameters from Reference 10; i.,e.,

log m = -0,894 + 3 log p for soft aluminum (1100-H14)
= -7.843 for the thin sensors
= ~0.839 + 3 log p for hard aluminum (2024-T3)
= .5,852 for the thick sensors
= 4,980 for the thicker sensors,

*The 1,5-mil sensor is equivalent to 1,9-mil aluminum 1100-H14,
the 8-mil sensor is equivalent to 8.4-mil aluminum 2024-T3, and
the 16-mil sensor is equivalent to 16,4-mil aluminum 2024-T3, 17



Therefore, by equation (32), the logarithms of the puncture fluxes per
square meter per second are -4,681, -7,128, and -8,200 for the thin,
thick, and thicker sensors, respectively. Then, by considering the
exposed areas, one predicts that the corresponding values for the mean
number of punctures per day are 14,9, 0.113, and 0.103, and per year* are
5430, 41, and 38 for the thin, thick, and thicker sensors, respectively,

XI, CONCLUSIONS AND RECOMMENDATIONS

Whipple's [2] model for the near-earth mean flux of meteoroids
incident onto a randomly oriented surface should be considered to indi-
cate flux too high by 0.44 order of magnitude. This proposed adjustment
corresponds to an increase of 0,08 order of magnitude to include the mean
flux from showers, an increase of 0,27 order of magnitude to adjust for
pressure differences between the ARDC Model Atmosphere 1959 [12] and the
U, S. Standard Atmosphere 1962 [13], a decrease of 0,07 order of magnitude
through a simplifying approximation, and a further decrease of 0.72 order
of magnitude for a weighted comparison with Hasting's [9] puncture results
for Explorer XVI and Dalton's [7] model for puncturable-wall thickness,
The 0,27.order-of-magnitude adjustment due to a revision of the assumed
atmospheric pressure corresponds to a 0.20-order-of-magnitude increase
in the assumed mass of the meteoroid at 30 kilometers per second velocity
which produces a zero-absolute-visual-magnitude meteor (here revised to
10°+2° grams).,

Whipple's [2] estimate of 0,44 gram per cubic centimeter for the
mean density of meteoroids seems appropriate throughout the ten orders
of magnitude below unit mass in grams, Over this range of mass, which
is presupposed in this study, there is not sufficient evidence to indi-
cate any significant statistical dependence between mass and velocity,
The weighted mean and probable error of the logarithm of the geocentric
velocity for photographic meteors are log 26.7 and 0,12, respectively;
and the closing velocity with respect to an orbiting vehicle is not con-
sidered to be essentially different. But, because density, velocity,
and impact angle are statistically independent random variables, the
expected number of punctures through a given structure is four times as
large as the expected number of incident meteoroids with mass equal to
or greater than the mass of a meteoroid which will just puncture the
structure when it has the mean velocity, the mean impact angle, and the
mean density,

*See footnote on page 19,
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At any fixed distance between one hundred and one million kilometers
from the surface of the earth, meteoroid flux (incident flux or puncture
flux) should be considered an exponential function of mass, The exponent
has a unit negative value at the moon's distance, a value of -1.34 at one
hundred kilometers above sea level, and an effective value of -1,205 for
the Explorer XVI orbit, The incident flux Fg and puncture flux ¢ are
found from equations (31) and (32), respectively, when the value for the
exponent B, is substituted from equation (2) and the value of the nominal
mass @ is substituted from equation (40),

During one year after a Pegasus satellite has been deployed in an
orbit with perigee and apogee heights of 505 and 740 kilometers,* the
number of punctures in the 16 sheets of the 0.0015-inch sensor, the 34
sheets of the 0.008-inch sensor, and the 366 sheets of the 0.016-inch
sensor are predicted to be approximately 5430, 41, and 38, respectively,*¥
when the extra material in the bonded capacitors is considered. The
estimated masses of the meteoroids which can just puncture these sensors
when they have the mean values of demsity (0.44 gram per cubic centi-
meter), velocity (26.7 kilometers per second), and impact angle (/&
radian) are 107.%%, 10-%.85 gand 10-4.98 gram,

*These heights have been slightly revised recently in Reference 25.
** These numbers have not been adjusted for temporal changes in the
orbital heights due to light pressure, aerodynamic drag, etc,
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{#TL-3 coating, 0.4 to 0.5 gram per square foot.

1100-H14 aluminum foil nominally 0.0015-inch, or
42024-T3 aluminum sheet nominally 0,008-inch, or
\2024-T3 aluminum sheet nominally 0,016-inch.

jg 0,00018~inch Schjeldahl proprietary adhesive,
residual thickness after Schjeldahl proprietary
Lbonding process.

0,00015-inch Mylar dielectric, Type C,
specific gravity 1,395

{b.OOOOZS—inch Schjeldahl proprietary adhesive,

{0.000lS-inch mylar dielectric, Type C,
specific gravity 1.395.
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FIGURE 3. SCHEMATIC CROSS-SECTION FOR THE 10-LAYERED
CAPACITOR PUNCTURE SENSORS ON THE PEGASUS SATELLITE

BASED ON BEST INFORMATION AVAILABLE
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